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METHOD AND APPARATUS FOR DELIVERING OXYGEN TO CELLS 



CROSS-REFERENCE TO RELATED APPLICATION 

This application claims priority under 35 U.S.C. 35 § 1 19 (e) to U,S, Provisional 
Application 60/093,147, filed July 17, 1998, the entire disclosure of which is 
incorporated herein by reference. 

FIELD OF THE INVENTION 

The invention relates generally to devices for delivering oxygen to cells and more 
specifically to devices which deliver oxygen in situ to cells in the body of an organism. 

BACKGROUND 

Techniques to transplant cells into people in need of the functions that these cells 
provide have application in the treatment of a variety of chronic conditions including 
diabetes, hemophilia, dwarfism, anemia, kidney failure, hepatic failure, familial 
hypercholesterolemia, immunodeficiency disorders, pituitary disorders, and central 
nervous system disorders. 

Cell implantation techniques are typically limited by shortages of cells. For 
example, successful transplantation of insulin-secreting cells or tissue into people with 
diabetes has been a challenge because of the obvious short^e of human islet tissue. The 
approximately 3000 cadaver pancreases that could be available each year in the U.S.A. 
come nowhere near to meeting the needs of people with Insulin Dependent Diabetes 
Mellitus (IDDM). Use of cells/tissue firom otiier species as xenogeneic cells may 
therefore provide the fastest path to clinical application. 

Immunobarrier devices have been developed as a means of protecting xenogeneic 
cells firom transplantation rejection by a host organism. The xenogeneic cells are 



encapsulated at a high, tissue-like density or are dispersed in the form of individual cells 
or cell aggregates (e.g., islets of Langerhans) in an extracellular gel matrix such as agar, 
alginate, or chitosan, within these devices. 

High-density culture, if attainable, is advantageous because it minimizes the size 
of the implanted device used in a particular application. This is desirable because the 
complexity and difficulty of the application increases with the volume of impl^^ 
cells/tissue. Consequently, applications which have tended to require the least amount of 
transplanted cells/tissue, such as central nervous system applications, have been the first 
to advance to clinical testing. 
1^. Mamtenanceoftheviability and fmiction of implanted cells within an 

^ immunobarrierdeviceisessentialandlimitedby the supply of nutriente^ 
3 which can be provided to the cells from the host Apoptosis in transplanted tissues has 
\i been observed and may be a general response to severe hypoxia, as well as to methods of 

isolation and culture, glycemic state, and the nonspecific inflammatory reaction 
^ associated with the transplantation procedure. 

fU ' The impact of hypoxia is also influenced by the type of cells/tissues being 

III implanted. For example, pancreatic islet cells are especially prone to oxygen supply 
limitations becaiise they have a relatively high oxygen consumption rate. They are 
normally highly vascularized and are supplied blood at arterial pOj. When cultured in 
vitro under normoxic conditions, islets develop a necrotic core, the size of which 
increases with increasing islet size, as is to be e:q)ected as a result of oxygen difl&ision 
and consumption within the islet However, the death of implanted cells due to hypoxia 
is not the only concern. Oxygen levels high enough to keep cells alive can nonetheless 
have deleterious effects on cell functions that require higher cellular ATP concentrations, 
for example, ATP-dependent insulin secretion. 

Only scant attention has been paid to the issue of islet viability within implanted 
immunobarrier devices. However, recently, critical parameters such as the number and 
volume of viable islet cells that can be supported by such devices, and the development of 
islet necrosis and fibrosis in such devices has begun to be examined. It is clear from 
these recent studies that all attempts to support larger volumes of islet tissue in high- 
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density culture (i.e., where all or most of the internal device volume is occupied by viable 
islet tissue) have led to massive islet necrosis, invariably in regions ftirthest ftom the 
oxygen source. As with transplantation of naked cells, the hypoxic environment for 
several days following transplantation appears to be a critical problem. For example, most 
of the loss of viable p-cell mass undoubtedly occurs during the first few days after 
transplantation witiiin these devices. 

With few exceptions, only by suspending islets in an extracellular gel matrix at 
very low islet volume fractions (e.g., 1 to 5%), which greatly increases the size of the 
implanted device, have mvestigators been al^le to maintam the viabiUty of the mitially 
loaded islets. However, use of such low tissue density puts undesirable constraints on the 
maximum number of islets that can be supported in a device of a size suitable for surgical 
implantation. 

Attempts to modify the design of immunobarrier devices have been made to try to 
overcome these limitations. A biohybrid artificial pancreas for insulin secretion known in 
the art consists of a semipermeable membrane tube through vMch. arterial blood flows. 
The membrane tube is surrounded by the implanted tissue which is, in turn, contained in a 
housmg. This approach provides the highest available pOj (100 mm Hg) but suffers fiwm 
the need to open the cardiovascular system; thus, it may be limited to only a small 
firaction of patients. 

One alternative is an extravascular device in the form of a planar or cylindrical 
diffusion chamber implanted, for example, in subcutaneous tissue or intraperitoneally. 
Such devices are ejqjosed to the mean pOj of tiie microvasculature (about 40 mm Hg) 
limiting the steady state thickness of viable tissue that can be supported. Furtha- limits 
are imposed when such devices are implanted mto soft tissue. If a foreign body response 
occurs, an avascular fibrotic tissue layer adjacent to the chamber can be produced, 
typically on the order of 100 pm thick. This fibrotic tissue increases the distance between 
blood vessels and implant, and the fibroblasts in fibrotic tissue laya: also consume 
oxygen. Oxygen deficits are especially likely during the first few days after implantation 
before neovascularization has a chance to occur. Anoxia may exist withm regions of the 
device, leadmg to death of a substantial fiaction of the initially implanted tissue. 



Microporous membranes that induce neovascularization at the device-host tissue 
interface have also been used. This angiogenic process takes 2-3 weeks for completion, 
and the vascular structures induced remain indefinitely. By bringing some blood vessels 
close to the implant, oxygen delivery is improved. Oxygen delivery also may be 
improved by prevascularizing the device, e,g, by infusion of an angiogenic factor(s) 
through the membranes into the surrounding tissue. 

Another means of implanting cells in an extravascular environment involves the 
use of spherical microcapsules. The microcapsules comprise small quantities of cells 
enclosed in a semipermeable membrane and can be implanted in an extravascular space, 
for example, in the peritoneal space. However, the large volume of microcapsules 
employed, and the tendency for most to permanently attach to peritoneal surfaces, may 
lead to clinical problems. Thus, despite encouraging results with various tissues and 
applications, the problem of oxygen transport limitations remain. 

The present invention improves the viability and function of encapsulated tissue. 

SUMMARY OF THE INVENTION 

The invention provides an oxygen generator device for delivering oxygen to cells 
or to a cell compatible fluid. The oxygen generator device disclosed herein has 
application for in vitro or in vivo use. In one aspect the device is placed in proximity to a 
cell compatible fluid. In another aspect, the oxygen generator is placed in proximity to 
cells for which supplemental oxygen is desired. In a fiirther aspect of the invention, the 
oxygen generator is placed in proximity to a cell encapsulating device. The oxygen 
generator disclosed herein provides a system to deliver oxygen to cells in situ in the body 
of an organism. 

In one embodiment of the hivention, the oxygen generator is an electrolyzer 
device which electrolyzes water into oxygen and hydrogen. In another embodiment of 
the invention, the oxygen generator is in the form of a thin, multilayer electrolyzer sheet 
and is permeable to gas and water vapor but impermeable to liquids and dissolved 
material. In a further embodiment of the invention, the oxygen generator comprises a 



multilayer electrolyzer sheet having a proton exchange membrane sandvwched by an 
anode layer and a cathode layer. In a furthCT embodiment of the invention, the device 
comprises a multilayer electolyzer sheet adapted for mating to a container containing 
cells. 

In one embodiment of tiie invention, the oxygen generator is in communication 
with an energy source, such as a battay. In another embodiment of the invention, the 
battery is rechargeable transcutaneously. In a furflier embodiment of the invention, the 
battery is recharged using a transcutaneous energy transfer system (TET) system. In a 
further embodiment, the invention may be operated directly and continuously from a 
battery-powCTed TET system. 

In one embodiment of tiie invention, the oxygen generator is provided in 
proximity to cells in vitro. The oxygen generator is provided, either within a container 
containing the cells, or as an integral part of the container. In one embodiment of the 
invention, the oxygen generator is provided, either within, or as an integral part of, a cell- 
containing cartridge in an extracorporeal circuit device. 

In a furflier embodiment of the invention, the oxygen generator is provided as an 

in-line oxygenator throi^ which blood, plasma, and other bodily fluids may flow. In 
this embodiment, the oxygen generator is mated to, contamed within, or is an integral part 
of, a hollow tube throu^ which blood, plasma, and other bodily fluids, or culture 
medium may flow. 

In one embodiment, the invention provides a system for delivering oxygen in situ 
to cells vwthin the body of an organism. In this embodiment of flie invention, the system 
comprises an oxygen generator positioned in proximity to a cell encapsulating chamber 
and is implanted within the body of an organism. The cell encapsulating chamber 
comprises a containment space for cells bounded by a semipermeable barrier layer which 
acts as a selective diffusion layer, allovwng selected components to enter and leave the 
cell enciq)sulatii:^ chamber. 

In a further embodiment of the invention, the system includes an oxygen 
generator which comprises a multilayer electrolyzer sheet mated to a cell encapsulating 
chamber comprising two semipermeable membranes sealed together by a ring seal. 



In another embodiment of the invention, the system for delivering oxygen in situ 
comprises a cell encapsulating chamber which defines an immunoisolation chamber. In 
this embodiment, the semipermeable barrier layer of the immunoisolation chamber 
immunoisolates cells contained within the chamber when the device is exposed to 
components of the immune system. In a further embodiment, the invention relates to a 
system implantable in the body of an organism for growkig tissue in immunoisolation 
while providing supplemental oxygen to the tissue. 

In another embodiment of the invention, the system for delivering oxygen in situ 
comprises an oxygen generator proyided in proximity to, or mated with, a semipermeable 
membrane tube through which blood, plasma, and other bodily fluids may flow. In 
another embodiment of the invention, flie membrane tube is surrounded by implanted 
tissue. In a further embodiment of the invention, the membrane tube and tissue is 
contained within a housing. 

The invention also relates to a system for delivering oxygen in situ to cells which 
are not contained within a cell encapsulating device. In a one embodiment of the 
invention, the system for delivering oxygen in situ comprises an oxygen generator placed 
in proximity to cell-containing microcapsules which are free to migrate within an 
intraperitoneal space. In another embodiment of the invention, the system comprises an 
oxygen generator positioned in proximity to a cell-supporting, biocompatible, polymeric 
scaffold within tiie body of an organism. In this embodiment, the oxygen generator can 
be used to maintain, and support the growth of artificial tissues. 

In a further embodiment of tiie invention, two oxygen generators are placed back 
to back with cells on both sides of the oxygen generator, maximizing the amount of 
oxygen that can be delivered to cells. 

In another embodiment, the system is designed to deliver oxygen in situ to cells 
located at a distance from the oxygen generator. A tube with low oxygen permeability is 
attached to the oxygen generator. Generated oxygen is transferred through the tube to a 
flexible oxygen distributor fabricated from oxygen-permeable membranes. In one aspect 
of the invention, the oxygen distributor is placed in proximity to cells, tissues, or organs, 
for which supplemental oxygen is desired. In another aspect of the invention, the oxygen 



distributor is placed in proximity to a cell encapsulating device. The flexible oxygen 
distributor provides a means to deliver oxygen from an oxygen generator located at a 
distance to cells, tissues, or organs located anywhere, and having any shape, within the 
body of an organism. 

In a further embodiment of the invention, tiie oxygen generator is an oxygen 
transfer device which electrochemically transfers oxygen from the cathode side to the 
anode side of the oxygen generator substantially without the generation of hydrogen. 

The invention also relates to methods of delivering oxygen to cells in vitro 
comprisuig positioning an oxygen generator in proximity to the cells. In one embodiment 
of the invention, the method comprises delivering oxygen to cells contained within a 
container, such as a cell culture dish or a flask. In another embodiment of the invention, 
the method comprises placing an oxygen generator in proximity to the cells within a cell- 
containing cartridge in an extracorporeal circuit or in culture medium in a perfusion 
circuit. In another embodiment of the device, the oxygen generator is provided as an in- 
line oxygenator through which culture medium flows. In this embodiment, oxygenated 
culture medium flows through the cell-contdning cartridge and is then discarded or 
recycled through the oxygenator for reoxygenation. In a further embodiment of the 
invention, the oxygenated culture medium is made to flow in and around an organ for 
transplantation, such as heart, kidney, liver, or pancreas, during the period when it is 
stored or shipped. 

The invention also relates to a method of delivering oxygen in situ to cells within 
a body of an organism. In this embodiment of the invention, an oxygen generator is 
placed in proximity to cells which are free to migrate within an intraperitoneal space. In 
another embodiment of the invention, the method includes implanting a system within the 
body of an organism, the system comprising an oxygen generator which is in proximity to 
a cell encapsulating chamber, such as an immunoisolation chamber. 



BRIEF DESCRIPTION OF THE DRAWINGS 



In the drawings, like reference characters generally refer to the same parts 
throughout the different views. Also, the drawings are not necessarily to scale, emphasis 
instead generally being placed upon illustrating the principles of the invention. 

Figure 1 is a schematic diagram of an oxygen generator according to one 
embodiment of the invention. 

Figure 2 is a schematic diagram of a system comprising an oxygen generator in 
proximity to a cell encapsulating chamber in an in vitro embodiment of the invention. 

Figure 3 is is a schematic diagram of a system comprising an oxygen generator in 
proximity to a cell encapsulating chamber in an in vivo embodiment of the invention. 

Figure 4 shows a graph of viable tissue thickness vs. oxygen flux when using an 
oxygen generator according to one embodiment of the invention. 

Figures 5 is a schematic TET system used with an oxygen generating device 
according to one embodiment of the invention. 

Figure 6 is a schematic diagram of a ring cell encapsulation chamber according to 
one embodiment of the invention. 

Figures 7a-f show photomicrographs of hemotoxylin-stained sections of pTC3 
cells cultured in vitro in barium alginate within a planar immunoisolation chamber 
according to one embodiment of the invention. 

Figure 8a-e show photomicrographs of hemotoxylin-stmned sections of pTC3 
cells cultured in vitro in barium alginate within a planar immunoisolation chamber 
according to another embodiment of the invention. 

Figures 9a-h show photomicrographs of hemotoxylin-stained sections of pTC3 
cells cultured in vitro in barium alginate within a planar immunoisolation chamber 
according to another embodiment of the invention. 

Figures 10a and 10b are photomicrographs of hemotoxylin-stained sections of an 
in vitro cultured planar immunoisolation chamber according to one embodiment of the 
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invention loaded with rat islets (500 islets/device) in barium alginate. Figure 10a shows 
cells after four days in the absence of in situ oxygen generation (with the oxygen 
generator disconnected from its power source). Figure 10b shows cells after four days 
with in situ oxygen generation (with the oxygen generator connected to its power source). 

Figure 1 1 shows a graph of oxygen partial pressure vs. distance from the oxygen 
generator/electrolyzer side/semipermeable barrier layer interface for different values of 
oxygen flux generated by the electrolyzer. 

DETAILED DESCRIPTION 

The invention relates to an oxygen generator which may be used to deliver 
oxygen to cells in vitro or in vitro. Figure 1 is an exploded schematic diagram of the 
components of an oxygen generator (electrolyzer) 18, according to one embodiment of 
the invention, that carries out electrolysis of water. The water is obtained from a cell 
compatible media, i.e., cell culture media (synthetic or natural), or bodily fluids, such as 
blood or plasma. 

The oxygen generator 18 comprises two catalytic electrodes, i.e., an anode 21 and 
a cathode 23, separated by a solid polymer electrolyte proton exchange membrane (PEM) 
24 which allows passage of hydrated H"^ but has much lower permeability to gases such 
as O2 and H2. As a consequence, the half-cell reactions at each electrode (21 and 23) are 
compartmentalized. For normal acid electrolysis, the reactions are 

Anode 2H2O ► 02 + 4ir + 4e- 

Cathode 4ir + 4e ► 2H2 

NetReaction 2H2O ► O2 + 2H2 



O2 is foraied at the anode 21. IT, which is also formed at the anode 21, is 

transported through the PEM 24 under the influence of a potential gradient imposed by a 
constant current controller 66 in an extemal circuit 40 shown in phantom in Figure 1 . 
The hydrogen ions arriving at the cathode 23 recombine with electrons passed through 
Ihe extemal circuit 40 from the anode 21 so as to form molecular hydrogen. 

Because of the permeability properties of the PEM 24, virtually all of the O2 

diffuses into the cells in proximity to the oxygen generator 18, whereas the H2 diffuses 

away fix>m the oxygen generator 18. The quantity of hydrogen generated is expected to 
be less than the stoichiometric 2:1 ratio relative to oxygen for normal electrolysis because 
oxygen diffusing into the cathode 23 side of the oxygen generator 18 from the cell media 
is preferentially reduced as compared to H^. With oxygen present at the cathode 23, the 
reaction 

02 + 4ir + 4e- ►2H2O 

competes with the reaction 

4ir + 4e' ►2H2, thereby decreasing the net hydrogen production. The 

extent of the decrease in net hydrogen production increases with an increase in the rate at 
which oxygen reaches the cathode surface. 

In another embodiment of the invention, both electrodes, 21 and 23, are covered 
by silicone rubber membranes 20, so that water enters the oxygen generator 18 only in its 
vapor form and the interior of the oxygen generator 18 is kept free of all other 
components of biological fluids. In a further embodiment of Ihe invention, metal contact 
rings 25 are provided which provide connections to the extemal circuit 40. 
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An oxygen generator 18 according to another embodiment of the invention is 
shown in Figure 2. The active components of the oxygen generator 18 are the catalytic 
electrodes, 21 and 23, and the PEM 24, In one embodiment of the invention, the PEM 24 
is Nafion 1 17 (1 100 equivalent weight, about 1250 urn thick hydrated, DuPont Co., 
Wiknington, DE) which has O2 and permeabilities more than two orders of magnitude 
less than silicone rubber. The Nafion membrane is received in the Na* form and is 
exchanged in acid to convert it to the proton form. The electrodes 21 and 23 are placed in 
intimate contact with the PEM 24. 

In a further embodiment of the invention, a substrate is provided for the 
electrodes, anode 21 and cathode 23, in the form of a very fine platinum (Pt) screen (150 
mesh with 43-jmi diameter wire). The cathode 23 catalyst is Pt (25 m^/g), and the anode 
21 catalyst is Pt-iridium oxide (100 m^/g). The platinum screens comprise high surface 
area particles mixed with polytetrafluoroethylene (PTFE) particles and pressed onto a 
fine-mesh substrate screen which in turn is pressed onto the PEM 24. 

To make electrical contact with the electrodes 21 and 23, contact rings 25 are 
provided which comprise rings of tantalum foil, provided with a tab 67, resistance welded 
to the edge of the electrodes 21 and 23 before bonding to the PEM 24. The silicone 
rubber membranes 20 are then hot pressed on either side of the contact rings 25. In a 
further embodiment of the invention, a disk of fine mesh support screen 19 comprising a 
biocompatible, inert metal (e.g., titanium) is added over the outside of the silicon rubber 
membranes 20. In one embodiment of the invention, the entire thickness of the oxygen 



11 



generator, including the silicon rubber membranes 20 and outer support screens 19, is 
about 0.75 mm. 

In another embodiment of the invention, oxygen generator 18 is enclosed in a 
housing 68 (e.g., a polysulfone housing) incorporating wire leads 69 for connection to a 
current control circuit 40 and a power supply 70 (the current control circuit and power 
supply are shown in phantom in Figure 2). In a further embodiment of the invention, flie 
housing 68 is adapted for coupling to a container 100, which may be mated to the housing 
68 at one face of the housing 68. 

In operation, the oxygen generator 18 is provided in communication with a power 
supply 70 and a constant current controller 40, in order to maintain a constant rate of 
oxygen generation in the presence of resistance variations in the oxygen generator 18 and 
declining battery voltage (when a battery/energy source 199 is used). In one embodiment 
of the invention, a constant current control 40 is implemented with a Howland circuit, a 
voltage-controlled current source which utilizes positive and negative feedback to provide 
precise current control. In a further embodiment of the invention, the current control 
circuit 40 is powered by an AC-DC converter or by a single battery/energy source 199. 
In a fiirther embodiment of the invention, a potentiometer is provided to adjust current 
from about 0 to about 200 jiA. 

In a further embodiment of the invention, the oxygen generator 18 is an 
oxygen transfer device, in which hydrogen generation at the cathode 23 is suppressed, 
when the cathode 23 has access to a continuous supply of oxygen, such as air or dissolved 
oxygen, at a rate in excess of the oxygen generation rate at the anode 21. Oxygen is 
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preferentially reduced at the cathode 23, when available, in lieu of the reduction of 
protons to hydrogen in the pure electrolysis reaction; the same oxygen generation reaction 
occurs at the anode in both cases. 

In a further embodiment of the invention, the oxygen generator 18 is an oxygen 
transfer device in which hydrogen generation at the cathode 23 is suppressed by an 
alternative means; the oxygen generator 18 is made to have a larger geometric area than 
the cell encapsulating chamber 10, thereby providing the cathode 23 with access to 
dissolved oxygen in excess of the oxygen generation rate at the anode 21. 

The oxygen generation rate M (mol/s) of the oxygen generator 18 is related to the 
applied current I (A) by 

I = nFM (1) 
where n = 4 is the number of electrons required to make one molecule of oxygen, and F is 
Faraday's constant (96,500 A-s/equivalent). The imposed flux of oxygen Ne &om the 
oxygen generator/electrolyzer 18 into the cell encapsulating chamber/planar diffusion 
chamber 10 (mol/cm^-s) is 

Ne = — (2) 
Ae 

where A^ = 0.3 17 cm^ is the cross-sectional area of the gap between the oxygen 
generator/electrolyzer 18 and the cell encapsulating chamber/difiusion chamber 10. 
Eqxiation (2) can thus be written as 

i = nFNe (3) 
where i = I / A^ is the effective current density at the electrodes 21 and 23. 
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The oxygen generator 18 disclosed herein may be used in a variety of in vitro and 
in vivo applications. In one embodiment of the invention, the oxygen generator 18 is 
provided in proximity to cells in vitro, and is either contained within, or is an integral part 
of the container 100, Types of containers 100 encompassed within the scope of the 
invention include, but are not limited to, cell culture plates, fiat-bottom tissue culture 
flasks, roller cell culture flasks, microtiter plates, and the like. In this embodiment of the 
invention, the oxygen generatorl8 may be used to provide supplemental oxygen to cells 
in culture and may be used to enhance the proliferation of these cells. In another 
embodiment of the invention, the container 100 further comprise an oxygen sensor or 
other type of biosensor to monitor the level of metabolites in the cell media in ^^ch cells 
are cultured. 

In another embodiment of the invention, the oxygen generator 18 is positioned in 
proximity to cells within the cell-cartridge of an extracorporeal circuit device or within a 
cell cartridge in a cell perfusion circuit Such devices are well known in the art. In a 
further embodiment of the invention the oxygen generator provides oxygen which 
delivers oxygenated fluids to cells and does not have to be in proximity to the cells 
themselves. In this embodiment of the invention, the oxygen generator is either mated to, 
contained within, or is an integral part of, a hollow tube, flat plat channel or other conduit 
through which cell compatible media, such as cell culture media, plasma, blood, and the 
like, may flow. 

The invention also relates to a system for delivering oxygen in situ to cells within 
the body of an organism. In this embodiment of the invention, the system (shown in 
Figure 3) comprises an oxygen generator 18 positioned in proximity to a cell 
encapsulating chamber 10 and is implanted within the body of an organism. The cell 
encapsulating chamber 10 comprises a containment space for cells bounded by a 
semipermeable barrier layer 9 which acts as a selective diffusion layer, allowing selected 
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components to enter and leave the cell encapsulating chamber 10. The oxygen generator 
18 enhances the viability and/or proliferation of cells 14 within the containment space. In 
a second embodiment of the invention, the oxygen generator 18 includes an energy 
source 199 (e.g., a battery, current controller, fuel cell, and the like). 

The system may be used to deliver cells 14 which can provide a function lacking 
in a body of a patient. The function may be naturally provided by Ihese cells 14, or the 
cells 14 may be genetically modified to provide the function. The system may be used in 
methods of treatment of conditions, especially chronic conditions, including, but not 
limited to, the treatment of diabetes, hemophilia, dwarfism, anemia, kidney failure, 
hepatic failure, immunodeficiency disorders, pituitary disorders, and central nervous 
system disorders. Nervoxis system disorders which may be treated include, but are not 
limited to, chronic pain, Parkinson's disease, Alzheimer's disease and amyotrophic lateral 
sclerosis. The cells 14 may come from a variety of sources, including, but not limited to, 
pancreas cells, hepatocytes, kidney cells, lung cells, neural cells, pituitary cells, 
parathyroid cells, thyroid cells, and adrenal cells. Multiple types of cells 14 may be 
mixed in a smgle cell encapsulating chamber 10 (e.g., hepatocytes and pancreas cells may 
be provided within a single isolation chamber 10). As used herein, the term "cells" 14 
encompasses individual or isolated cells, cell lines, tissues, such as islets, and cell 
aggregates. In an embodiment of the invention, a bioartificial organ is provided. As used 
herein, the term "bioartificial organ" encompasses any device that incorporates both 
synthetic and li\dng material. 

In one embodiment of the invention, the pTC3 cell line is used as a source of cells 
14. pTC3 cells are derived fi-om an insulinoma fi-om a transgenic j36DZFl mouse 
canying a hybrid insulin-promoted SV40T-antigen gene. The pTC3 Ime is among those 
genetically engineered P-cell lines which can be used for the treatment of diabetes. 

The concentration of cells 14 required for transplantation is determined by the 
secretion rate of the desired agent by the cell 14 and the amoxmt of active agent required 
by the body. For example, the average patient with IDDM requires approximately 30 
Units of insulin per day to control blood glucose levels. The amount of insulin 
(Units/cells/day) produced by a population of islet cells is then determined ui culture and 
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the number of transplanted cells 14 needed to provide the patient's required insulin dose 
is loaded within the immunoisolation chamber 10. Typically, this is on the order of about 
1 0^ cells 14. In the case of cells 14 that proliferate, a determination of the insulin 
production rate in culture permits an estimation of the nximber of cells 14 required in a 
given volume within a cell encapsulating chamber 10. A small number of cells 14 can be 
used which will then proliferate to fill the volume of the chamber 10 and provide the 
necessary amount of insulin. It is readily apparent, that similar calculations may be 
performed for any application for which a required dosage of active agent is known, or is 
determinable, and for which the amoimt of bioactive agent produced by cells 14 may be 
measured. 

In addition to cells 14, the system may be used to deliver a variety of bioactive 
molecules, including derivatives, analogs, and active fragment of these molecules. 
Bioactive molecules include, but are not limited to, homaones, growth factors, cytokines, 
vascularizing agents, receptors, ligands, antibodies, antibody fragments, fixsion proteins, 
peptides (natural or synthetic), dmgs, nucleic acids (including naked DNA, DNA 
encapsulated in liposomes, viral particles, or microspheres, antisense molecules, 
ribozymes, triple helix DNA, PNA molecules, and aptamers). Autologous molecules, as 
would be generated by tissues derived from transgenic animals, can be used to minimize 
immune responses by the host organism. While the system provides a means to 
immunoisolate transplanted living cells 14 and to prevent tiie immune system of the 
recipient organism fix)m attacking the transplanted cells 14, the system may also be used 
as a bioreactor in in vitro applications. 

In a fijrther embodiment of the invention, the disclosed system provides a cell 
encapsulating chamber 10 which inunxmoisolates transplanted cells 14 by surrounding 
cells 14 with a semipermeable barrier layer 9. The semipermeable barrier layer 9 protects 
the transplanted cells 14 from components of both the cellular and humoral immune 
system but permits passage of the agent of interest, for example, secreted insulin. The 
transport properties of the implanted cells 14, semipermeable barrier layer 9, and 
surrounding host cells/tissue/fluids must permit a sufficient supply of nutrients and 
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oxygen, as well as the removal of metabolic waste products, by diffusion from, or to, the 
nearest blood supply. 

As used herein, the term "semipermeable barrier layer" 9 includes biocompatible 
encapsulants, such as membranes, which provide a selective diffusion layer which 
controls the entry and exit of molecules into and out of the cell encapsulating chamber 10, 
Minimally the barrier layer 9, must be have a pore size, pore density, percent porosity, 
molecular weight cut off to keep cells within the cell encapsulating chamber 10. 
Particularly in embodiments where allogeneic or autologous cells 14 are transplanted, the 
pore size may be quite large as about 0.1 pm but must completely prevent passage of cells 
14, In the embodiment of the invention where the cell encapsulating chamber 10 is a 
xenogeneic immuonisolation chamber, the membranes may have any type of pore size, 
pore density, percent porosity, molecular weight cutoff, sufficient to keep selected 
components of the immune system out, yet allowing for the transport of nutrients, 
oxygen, secreted cellular products (e.g., secreted insulin), metabolic wastes, ions, and 
other bioactive molecules. When xenogeneic cells 14 are used, the molecular weight 
cutoff should be about 100,000 daltons or less, so as to prevent components of the 
humoral immune system from entering into the cell encapsulating chamber 10 and to 
prevent endogenous retroviruses transmittable by the cells 14, or other infectious 
macromolecules which might be secreted by the cells, from exiting the cell encapsulating 
chamber 10. 

Semipermeable barrier layer 9 material is selected from the group including, but 
not limited to, acrylic, polyurethanes, cellulose acetate, agar, alginate, chitosan, or other 
types of hydrogels, polysulfone, polyether sulfones, polyvinyl chloride, polyvinyl 
alcohols, polyvinylidene fluoride, polytetrafluoroethylene, polyacryl nitriles, and 
including derivatives, and/or mixtures thereof Any porous polymeric material is 
encompassed within the scope of the invention which has the desired membrane strength 
(i.e., ability to survive handling, transplantation, and the environment inside the body) 
and the desired permeability. The cell encapsulating chamber 10 is preferably easily 
removable from the body and replaceable in the body. 
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The cell encapsulating chamber 10 can be a variety of shapes includmg tubes or 
cylinders, cubes, spheres, discs, or sheets, so long as it is able to provide a sufficient 
containment surface for the number of cells 14 suitable for a given application. In one 
embodiment (shown in Figure 6), the cell encapsulating chamber 10 is a ring chamber 
which includes two thin disc-shaped semipermeable barrier layer 9 membranes sealed 
together on their circular periphery by a ring seal 32. Suitable ring seal 32 materials 
include, but are not limited to, biocompatible, noncorrosive metals (e.g., titanium). 
Teflon®, plastic and the like. In this configuration, the space between the two 
semipermeable barrier layer 9 membranes contains the cells 14 to be implanted. The 
semipermeable barrier layer 9 membranes are both distensible and conformable. 
Distensible semipermeable barrier layer 9 membranes allow for the expansion of the cell 
encapsulating chamber 10, which is important when proliferating cell lines are used. 
When islets are the source of cells 14, the conformable semipermeable barrier layer 9 
membranes partially conform to the shape of the cells 14, leading to a structure akin to 
peanut brittie. In a further embodiment of the invention tihe oxygen generator 18 can be 
provided proximal to, mated with, or an integral part of, a hollow tube through which 
blood flows. In this embodiment of the invention, cells 14 are implanted outside the tube. 
In a further embdiment of the invention, the cells 14 are surrounded by a housing. 

The semipermeable barrier layer 9 of the cell enc^sulating chamber 10 may be 
coated by other biocompatible molecules on the interior (i.e., the side proximal to the 
encapsulated cells 14), such as polymeric scaffolds which may also be coated by 
bioactive molecules such as ECM proteins, morphogenic proteins, growth factors, 
cytokines, and/or polysaccharides. As shown in Figure 3, the interior of the 
semipermeable barrier layer 9 membrane in one embodiment further includes a gel matrix 
15 (e.g., agar, alginate, chitosan, polyglycolic acid, polylactic acid, and the like) in which 
the cells 14 are embedded. In another embodiment, cells 14 in the cell encapsulating 
chamber 10 may themselves be encapsulated within microcapsules. The semipermeable 
barrier layer 9 membrane may also be coated with an anti-microbial and/or an anti- 
thrombotic agent on its outside surface. 
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The present invention provides a means of minimizing the size of a cell 
encapsulating device 10. For illustrative purposes, consider a planar dififusion 
immunoisolation chamber and the limiting case in which islet cells 14 occupy all 
available internal volume. The surface area A required by the device is given by A = V/h, 
where V is the required islet volume and h is the maximum total thickness of tissue that 
can be supported. If V = 1 cm' and h = 50 ^m, then A = 200 cm^ (about 5.6 inches 
square). If enhanced oxygen delivery allows an increase to h = 200 \xm, then A = 50 cm^ 
(about 2.8 inches square). This reduction in required area makes it feasible to implant a 
single or small number of planar immunobanier device(s). 

The present invention thus provides a solution to two practical problems: 
reduction of the size of the cell encapsulating chamber 10 so that it can be implanted m a 
human, and minimization of the cost of the implantable tissue (e.g., islet tissue) by 
maximizing the number of cells 14 that can survive implantation. 

The present invention supplements oxygen provided to isolated cells 14 by the 
blood stream by providing an oxygen generator 18 in close proximity to the cell 
encapsulating chamber 10. As used herein, the term "close proximity" refers to a 
distance through which sufficient oxygen can diffuse to enhance cell 14 viability and/or 
proliferation withm the cell encapsulating chamber 10 in comparison with a device 
lacking an oxygen generator 18. In one embodunent of the invention, the oxygen 
generator 18 is adjacent to the cell encsq)sulating chamber 10. 

In one embodiment of the invention, the system for providmg an oxygen to cells 
in situ comprises an oxygen generator 18 which is a multilayer electrolyza:, of the type 
discussed above, comprismg an anode layer 21 and a cathode layer 23 sandwichmg a 
proton exchange membrane 24. Oxygen is suppUed to implanted tissue by diffiision from 
the host side and the anode side 21 of the oxygen generator 18. In contrast, nutrients are 
supplied from, and wastes and secreted insulin are removed from, the feces of the 
implantable device which are in contact with host cells/tissue/fluid (e.g., the faces of the 
cell encapsulation chamber 10 not in contact with the oxygen generator 18). The 
maximum total amount of cells 14 that can be viably maintained within the 
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immunoisolation chamber 10 is the sum of that which can be substituted by each side of 
the device. 

The oxygen generator 1 8 provides a continuous supply of reactant water from the 
surroimding host cells/tissue/fluids, continuous dififixsion of generated gases out of the 
oxygen generator/electrolyzer 18, and exclusion of biological components that would 
otherwise contaminate the oxygen generator/electrolyzer 18. It is clear that the oxygen 
generator 18 can supply oxygen to the transplanted cells 14 at a p02 far higher than is 
possible from any physiological source. Furthermore, it is possible to completely prevent 
exposure of the transplanted system to the sustained hypoxic environment following 
transplantation. However, the pOj value should be optimized to limit oxygen toxicity 
that may result from chronic exposure at high pOj. 

In the instant invention, the rate of oxygen generated per unit area of the oxygen 
generator/electrolyzer 18 (oxygen flux, mol O/cm^ s) is determined quantitatively by the 
current density between the anode layer 21 and cathode layer 23, which can be set at will 
to provide the optimum oxygen flux required to maintain the maximum viability of the 
cells 14. Factors such as the site of implantation and the local oxygen partial pressure 
(PO2) in the blood, the spatial distribution of host blood vessels in the vicinity of the 
implant surface, the oxygen permeability of the semipermeable barrier layer 9, the 
oxygen consumption rate of the encapsulated cells 14, the geometrical characteristics of 
the implant system, and the tissue density and spatial arrangement of the encapsulated 
cells 14 will be considerations in optimizing oxygen flux. 

The oxygen generation rate M (mol/s) of the electrolyzer is related to the applied 

current I (A) by 

I = nFM (1) 
where n = 4 is the number of electrons required to make one molecule of oxygen, and F is 
Faraday's constant (96,500 A-s/equivalent). The imposed flux of oxygen fix)m the 
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oxygen generator/electrolyzer 18 into the cell encapsulating chamber/planar diffusion 
chamber 10 (mol/cm^-s) is 
M 

Ne = — (2) 
Ae 

where = 0.3 17 cm^ is the cross-sectional area of the gap between the oxygen 
genreator/electrolyzer 18 and tiie cell encapsulating chamber/diffusion chamber 10. 
Equation (1) can thus be written as 

i = nFNe (3) 
AAdiere i = I / is the effective current density at the electrodes 21 and 23. 

As discussed below, an understanding of oxygen difiusion and consumption in the 
system provides a framework to use to calculate the necessary parameters of the oxygen 
generator 18 which may be optimized to maximize oxygen generation and delivery to cells 
14while minimizing the size of the oxygen generator 18. 

We consider one dimensional oxygen diffusion, perpendicular to the membranes 9 
in Cartesian coordinates. Oxygen consumption is assumed to follow MichaeUs-Menten 
kinetics with the local rate per umt volume V given by V = Vmax<l-8)-P/(Bvm+P) for P > 
Pc, where P is the local oxygen partial pressure, Vmax is the maximum oxygen 
consumption rate per unit volume of tissue, l-s is the live tissue volume fraction in the 
tissue layer. Km is the Michaelis-Menten constant, and Pc is the critical value of P below 
which loss of tissue Adability occurs due to hypoxia, and oxygen consumption ceases. We 
present here the analytical solution to the oxygen diffusion-reaction equation using zero- 
order kmetics (Km set equal to 0, V = Vmax ( 1 -s) = constant) and then examine the small 



21 



(Mfference that results fiwm tiie solution obtained with numerical methods using the 
nonlinear Michaelis-Mentrai kinetics. 

Assuming that all the tissue layer within the cell aicsq)sulating chamber 10 is 
exposed to P > Pc, Ihe solution for Ihe local oxygen partial pressure is given by 

fLf 2' 
- - X 

vdiere x is the distance from tiie cento- plane of a tissue slab having a thickness L, 
considered positive in the direction towards the oxygen generator 18, and Ps„, are the 
values of P at the tissue-semipermeable barrier layer 9 interfeces at the oxygen generator 18 
and medium side, respectively, D is the effective diffusion coefficient of oxygen in tissue, 
and a is the Bunsen solubility of oxygen in tissue. and are not known a priori but 
can be calculated in terms of tiie known quantities Ne (tiie imposed oxygen flux fix)m the 
oxygen generator/electrolyzer 18) and P^ (the oxygen partial pressure in the medium 
bulk): 

PSe = Pmed + (Nc - VL)Rext 

and 

PSe =Pn.ed +(Ne- ^L) [^ + R«a] +^ 



V 
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where is the ssum of the diffusion resistances in series external to the tissue, i.e* those 
imposed by the semipermeable barrier layer 9 membrane laminate and boundary layer, 
given by 



M, and refer to the cell 14 retentive and vascularizing membranes, respectively, = 
^mJ^c is the boundary layer mass transfer coefficient between the stirred mediimi and the 
vascularizing membrane M2, and 8^ is the concentration boundary layer thickness (including 
the outermost polyester mesh). 

The maximum thickness of viable tissue L^^^ that can be supported in the system is 



where and L„ are the maximum tissue thicknesses that can be siq)ported by the imposed 



calculated by making a mass balance around the tissue layer 

Nm=Ne-VL 

and settmg tiie oxygen flux at the tissue-semipermeable barrier layer 9 membrane interface 
at the medium side N„ equal to 0 : 




Lmax Le "*"Lm 



oxygen flux and by oxygen diffusion from the bulk medium, respectively. can be 
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L^, equal to the distance from the tissue-semipenneable barrier layer 9 membrane inteifece 
at the medium side (Xc= -L/2 ) to the point where the oxygen flux is equals 0 and P = Pc, is 
given by 

Lm = -DaRext+ [(DaRext)^ + ^ (Pmed-Pc)j (11) 

When the tissue tMckness is not large enough for P to faU to Pc, the iiiinimu^ 
; , of oxygen partial pressure P^in can be calculated in a similar way, by replacing Pc by P„j„ 
3 andL„by L-Letoyield 

!| Pmi„=Pmed-V(L-Le)R«a-^(L-Le)^ (12) 

L This minimum occurs at distance x„i„ = U2-I^ from t^ 

tU membrane interface at the oxygen generatoi/electrolyzer 18 side, provided that < L. 

'•§'*' 

For purpose of illustration, the oxygen partial pressure profiles were calculated in 
immunoisolated tissue supported on one face by an imposed oxygen flux from an oxygen 
generator 18 for the case that L > so that P decreases to P^ in the interior of tiie cell 
encapsulating chamber 10. Transport from the medium was not included. For zero-order 
kinetics. Equations (4) and (1 0) were used to calculate the maximum supportable 
thickness L^, the local partial pressure P(z) where z = L/2 - x, and the surface partial 
pressure Calculation of the same dependent variables using Michaelis-Menten 
kinetics was carried out numerically. Parameter values selected for these calculations 
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were 1 - E = 0.75, Vmax = 2.76 x 10'*mol/cm^-s , V = 2.07 x lO"* mol/cm^-s, Da = 

1.70 X 10""mol/cm^-mm Hg-s,^ Pc = 0.1 mm Hg, and Km = 0.44 mm Hg. 

Oxygen partial pressures are plotted as a function of distance &om the interface in Figure 

10 2 

1 1 for values of imposed oxygen flux Ne ranging from 1 to 6 x 1 0" mol/cm -s. These 
values of Ng correspond to current densities i calculated from Equation (3) of 39 to 232 
jiA/cm^ and to ^plied currents I of 12 to 73 jiA (with = 0.3 17 cm^ in our system). 
With increasing oxygen flux, both the interface partial pressure and the maximum 
thickness increase. The xinderprediction of P(z) by zero order as compared to Miclmelis- 
Menten kinetics is hardly noticeable on the linear plot but is apparent on tiie semi- 
logarithmic plot (lower panel). At low partial pressures, the relative, but not the absolute, 
difference in P(z) can be large. 

Figure 4 is a plot of the interface oxygen partial pressure and the maximtmi 
viable tissue thickness supported by the oxygen generator/electrolyzer 18 Lg as a fimction 
of the unposed oxygen flux N^. At die highest oxygen flux investigated, is about 300 
ixm, and is about 500 mm Hg. Oxygen toxicity at these levels may be of concern 
with some cells and tissues, thereby setting a maximum Irniit on the imposed oxygen 
flux. 

There is virtually no difference in Figure 4 between the two predictions for Pge, 
but the zero-order model underpredicts Le by nearly 20 |xm, except at very low N^, as a 
consequence of the difference in profiles that develops at very low P(z) (Figure 11). 
Because the error in estimating oxygen partial pressure profiles is negligible and the error 
in Lg relatively small, the zero-order kinetic model is appropriate for optimizing 

performance of the oxygen generator.18. 

The above parameters provide a means to calculate the optimal amount of oxygen 
generation ihk may be produced by a given oxygen generator 18. 

While the production of oxygen by the oxygen generator 18 should be monitored 
and optimized, hydrogen production in vivo is not a problem. Hydrogen produced at the 
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cathode side 23 of the oxygen generator 18 diffiises through the silicone rubber 
membrane 20 into the surrounding tissue to the bloodstream from which it is expelled in 
the lungs. Hydrogen is biologically inert in mammals under normal atmosphere 
conditions and is not oxidized by mammalian tissues under hyperbaric conditions. 

In operation, the oxygen generator 18 is coupled to an energy source 199, such as 
a battery or a current controller. A small implanted battery witii modest current densities 
and power requirements which is periodically recharged transcutaneously can provide a 
viable transplanted tissue thickness in excess of 200 pm based on mathematical models 
v^ch desCTibe oxygen diffiision and consumption in implanted immunobarrier devices. 
Given a pOj at the host-device interface or an imposed oxygen flux, the maximum tissue 
thickness (L) that can be supported by one fece and the maximum pOjto which the tissue 
is exposed can be readily estimated. Using host interface values of 10, 40, and 100 mm 
Hg, and oxygen generation with maximum pOj of 100 and 300 mm Hg, the estimate for 
L is 22, 47, 78, 102, and 169 |jm, respectively. Thus, the optimal total thickness 
supported is 78 + 169 = 247 \m, which would lead to a planar immunobarrier device 
having 1 cm^ high-density tissue volume with a surface area of about 40 cm^. The 
(maximum) oxygen flux would be about 5 x lO"'" mole/cm^-s, requiring a current density 
of 200 pA/cm2, a very modest level, a total current of 8 mA, and about 16 mwatts (with 
power supplied at 2V DC). 

In one embodiment of the invention, a source 199 of energy for the oxygen 
generator 18 is 2 AA-sized nickel-cadmium batteries. In this embodiment, the stored 
energy of about 450 mAh would require recharging after about 4 days. Button cells with 
up to 3600 mAh cj^acity are also encompassed within the scope of the invention and 
would require recharging every 4 weeks or so. 

In a further embodiment of the invention, the recharging of an energy source 199 
in communication with the oxygen generator 18 is performed transcutaneously. In one 
embodiment of the invention, this is achieved with a transcutaneous energy transfer 
(TET) system of the type developed to power implantablejdevices such as artificial 
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hearts, left ventricular assist devices, defibrillators, and electrical stimulators which are 
well known in the art. These devices have been under development since the 1 960s. 

Power from 5 to 70 watts has been transmitted through skin thicknesses of 3 - 
15mm at 60 to 80% efficiency using TET systems and implantable devices using TET 
systems can tolerate radial misalignments of up to 20 nmi. In one embodiment of the 
invention, shown in Figure 5, a TET system is provided which comprises a primary 
transmitter coil 34 and a secondary receiver coil 35. The primary coil 34 is outside of the 
body 36 and transmits a transmitted signal 38 to a secondary coil 35 inside the body 36. 
The secondary coil 35 is in communication with the energy sourceA)attery 199, which in 
turn, is m communication with the oxygen generator 18 and can recharge energy within 
the energy source/battery 199. The TET system, thus ensures a continuous supply of 
energy to the oxygen generator 18, and therefore a continuous supply of oxygen, to the 
cell encapsulating chamber 10. In a further embodiment of the invention, a voltage 
control unit 37 is provided which controls the voltage and current in the primary coil 34 
in response to a feedback signal 39 from the secondary coil 35. The TET secondary coil 
35 can provide output volt^es from 10 to 25 V for current loads of 0.5 to 4,0 amps. 
These capabilities greatly exceed the requirements for a biohybrid artificial pancreas. 
Thus, in one embodiment of the invention, a TET system is used for recharging 
implanted batteries on an overnight basis every few days (depending on implanted battery 
capacity). The TET system may also be worn contmuously, using only small 
interchangeable extemal battery packs to drive the TET. 

In another embodiment of the invention, the oxygen generator 18 may be used to 
provide supplemental oxygen to cells 14 in situ which are not encapsulated within a cell 
encapsulating device 10. In this embodunent of the invention, the oxygen generator 18 is 
implanted in the body in proximity to a desked site containing cells 14 for which 
supplemental oxygen is desired. In one embodiment of the invention, the oxygen 
generatorl8 is provided in proximity to cells 14 encapsulated in microcapsules which are 
free to migrate within an mtraperitoneal space. Methods of microencapsulating cells are 
well known in the art. In another embodiment, the oxygen generator 18 is provided in 
proximity to a cell-supporting, biocompatible, polymeric scaffold within the body of an 
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organism, such as those used to fabricate artificial tissues. In all of these embodiments, 
the oxygen generator 18 may also be provided coupled to an energy source 199 such as a 
battery, which may be rechargeable by a recharging system, such as a TET system. 

In another embodiment, the system is used to deliver oxygen in situ to cells 14 
located at a distance from the oxygen generator 18. A tube with low oxygen permeability 
is attached to the oxygen generator 18. Generated oxygen is transferred through the tube 
to a flexible oxygen distributor fabricated from oxygen permeable membranes. In one 
aspect of the invention, the oxygen distributor is placed in proximity to cells, tissues, or 
org^, for which supplemental oxygen is desired. In another aspect of the invention, the 
oxygen distributor is placed in proxunity to a cell encapsulating chamber 10. The 
flexible oxygen distributor provides a means to deliver oxygen from an oxygen generator 
18 located at a distance to cells, tissues, or organs located anywhere, and having any 
shape within the body of an organism. 

EXAMPLE 1 

In vitro experiments in which PTC3 ceUs 14 are cultured in a ceU encapsulating 
chamber 10 mated to an oxygen generator/electrolyzer 18 in a stirred flask have been 
performed. In this embodiment of the invention, the cell encapsulating chamber 10 was 
in the form of a ring immunoisolation chamber (shown schematically in Figure 6) having 
a semipeimeable barrio layer 9 membrane consisting of three layers: (a) a hydrophilic 
polytetrafluoroethylene (PTFE) inner membrane with nominal pore size of 0.45 \xm and 
thickness of 25-35 ym (Biopore Millipore Corp, Bedford, MA), which retained cells and 
would fimction in vivo as an immunobarrier layer; (b) a hydrophobic PTFE outer 
membrane with nommal pore size of 5 pm and thickness of approximately 15 jxm (WX. 
Gore and Associates, Elkton, MD), which would function in vivo as the vascularizing 
layer; and (c) a highly open outer meshwork about 125 pm thick of polyester fibers 
(about 50 jimi in diameter) to provide support. The space between the two pieces of 
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membrane was defined by a silicone rubber washer 33 (inner diameter 6.6 mm, cross- 
sectional thickness 100 urn after the device is compressed during assembly). 

Cells 14 were cultured in Dulbecco's Modification of Eagle's Medium (DMEM, 
Mediatech, Hemdon, VA) with 400 mg/dl glucose, supplemented by 10% (v/v) fetal 
bovine serum (FBS, HyClone, Logan, UT), 100 lU penicillin, and 100 ng/ml 
streptomycin (Mediatech). Prior to loading the chamber, cells 14 were detached fi-om T- 
flasks using trypsin-EDTA solution (Mediatech) and washed three times by 
centrifiigation, removal of the supernatant, and resuspension in culture mediirai. After 
the first wash, cells 14 were suspended in 20 ml culture medium, and four aliquots of 200 
^1 each were taken, and counted in a hemocytometer with Trypan Blue staining. The 
average of these four counts was used to calculate the total cell 14 numbers in the original 
cell 14 suspension. Only batches with viability greater than 95% were used for loading. 
After the final wash, a thin Pasteur pipette (made by pulling a regular Pasteur pipette over 
flame) was used to remove as much supernatant as possible without removmg cells 14, 
and the cells 14 were resuspended in either phosphate buffered salme (PBS) or 1.7% 
(w/w) alginate solution to achieve the desired cell concentration. The suspension was 
carefiilly mixed without formmg any air bubbles. A semipermeable barrier layer 9 
consisitng of a laminated membrane was placed inside the titanium housing rmg 32 with 
the hydrophilic side up and the silicone rubber \rasher 33 was placed on top of the 
membrane. A volume of 3.5 nl of cell 14 suspension was drawn into a 20 |il pipette tip 
and discharged at once on the center of the membrane. The other piece of membrane, 
with the hydrophilic side down, followed by the titanium sealing ring, were then placed 
on top of the cell 14 suspension, and the whole cell encapsulating ring chambo: 10 was 
pressed together with a hand press. When alginate was used, the assembled cell 
encapsulating ring chamber 10 was immersed in 10 mM BaClz solution for 30 seconds to 
crosslink the alginate. After three washes by unmersion and shaking for 10 s in Ca^* and 
Mg^-fiee PBS, the loaded ring chamber was ready to be cultured i/iviYro. Prior to 
loading, sterilization was achieved by autoclaving the titanium rings 32 and washers 33, 
placmg the oxygen generator/electi-olyzer 18 in boiling water for at least 15 min, and 
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immersing the semipermeable barrier layer 9 laminated membrane in 95% ethanol, 80% 
ethanol, and three times in PBS for at least 5 min in each. Sterilization was maintained 
by assembling the device in a laminar flow hood. 

The cell encapsulating chamber 10 was oriented so that o:Q'gen generation 

occurred below the bottom face of the ring immunoisolation chamber 10. The flask was 
then placed in an incubator and the oxygen generator 18 was connected to a power source 
70 outside the incubator. Control experiments were carried out simultaneously with the 
oxygen generator 18 not coimected to a power source 70. 

The current was initially set at 11 \iA/cm^ corresponding to a maximum calculated 
tissue pO^ of 77 mm Hg, and the current density was doubled every two days to account 
for cell growth. Culture medium was changed every two days. After 4 and 9 days, both 
control cells 14 and cells 14 provided with in situ oxygen generation were removed, 
embedded in paraffin, cut into 5 pm sections, and stained with hematoxylin. 

Appropriate to this mitial feasibility study, five runs were carried out comprising 
of 1 8 sets of in vitro experiments. In each run, the imposed oxygen flux (or a specified 
pattern of changes with time) and the number of cells intended to be added to the cell 
encapsulating chamber 10 (fiom a single cell 14 suspension) were held constant. Within 
a single run, each set of experiments included cell encapsulating chambers 10 cultured for 
a specific time period. A single set included experiments witii, and without, oxygen 
generation with stirred medium. In some cases, controls were also carried out with 
neither oxygen generation nor stirring. Some sets of experiments were carried out with 
alginate in the cell encapsulating chambers 10, some without. Digital images taken from 
5 nm paraffm sections through the device are presented here for three of the five runs. In 
runs 1 (Figure 7) and 2 (Figure 8), I = 45 ^A, = 3.7 x ID""* mol/cm^-s, and 2.3 or 2.5 x 
10* cells 14 were intended to be added to the cell encapsulating chamber 10, respectively. 
In run 3 (Figure 9), fewer cells 14 were intended to be added (0.35 x 10*), and the low 
initial value of I = 4.3 ^lA (Ne = 0.35 x 10"'" mol/cm^-s) was increased by a factor of 
~4l every 24 hr so as to parallel the doubling time of about 2 days observed with pTC3 
cells 14 in culture. 
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In runs 1 and 3, three cell encapsulating chambers 10 were processed for histology 
immediately after being loaded in order to examine the initial cell 14 distribution. In all 
devices, cells 14 were usually distributed continuovisly within a region centered roughly 
around the center of the cell encapsulating chamber 10, with a diameter of about 2 to 3.5 
mm. In run 1, the cell 14 layer ranged from one to four cells 14 (about 10 to 40 mm) 
thick and was usually thinnest at the periphery and thickest close to the center. Figure 7a 
is a representative section of the layers observed. 

Histological section from cell encapsulating chambers 10 that underwent culture 
for time t =1 to 9 days displayed cell 14 layer thickness patterns qualitatively similar to 
those at t = 0. The sections selected for presentation here met the criteria of bemg in 
focus, having no sectioning artifacts, and being representative of the thickest cell 14 layer 
observed in the cell encapsulating chamber 10, 

In run 1 (Figure 7), initial (t = 0) tissue thickness L was about 40 |xm, and all cells 
14 were alive. After 2 days culture, L « 45 pm in the control cell encapsulatuig chamber 
10, with many condensed nuclei characteristic of apoptotic cells. In the stirred 
experiments without and with O2 generation, L « 50 and 70|im, respectively. Cell 14 
viability was better with generation than without. After 6 days, L increased only to 
about 50 Jim in the control cell encapsulating chamber 10, and there was substantial 
evidence of cell 14 death. With stirring and O2 generation at 6 days, L increased to 100 
\}m and virtually all cells 14 were viable. 

Results from run 2 are summarized in Figure 8. After 1 day of culture, the control 
device had a tissue thickness of 20 ^mi, with substantial loss of cell 14 viability, whereas 
with stirring and O2 generation L « 45|im with much fewer dead cells 14, After 2 days in 
the control cell encapsulating chamber 10, L « 45|am, but both the volume fraction and 
viability of cells 14 were very low. With stirring and without O2 generation, L « 65pm, 
but tiiere were many apoptotic cells indicative of low cell viability. With O2 generation, 
L « 60}im, and virtually all cells were viable. 

Figure 9 shows the results from stirred experiments in run 3, in which cell 14 
loading and initial oxygen flux were much lower than in runs 1 and 2. At t = 2 days. 
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tissue thickness (L « 30|im) and viability were similar with or witiiout Oj generation. At 
3 days, L was still 25 pm without O2 generation, while it increased to 50 jam witii Oj 
generation. At 9 days, most of cells 14 in the e3q>eriment without Oj generation were 
dead. With O2 generation, L « 70nm, but there were apoptotic cells 14 and cell debris 14 
near the semipermeable barrier layer 9 membrane adjacent to the oxygen 
generator/electrolyzer 18 where the oxygen partial pressure was highest. By 9 days and 
four doublings, had increased to the relatively high value of 5.6 x 10''" mol/cm^-s, 
thereby suggesting tiie possibility of oxygen toxicity to the cells 14 nearest the oxygen 
generator/electrolyzer 18 in this experiment. Up to this point, all of the experiments 
presented were carried out with alginate. Figures 9g and 9h show results fix)m 
experiments without alginate. Without Oj generation, thickness was similar to that with 
alginate (L « 25frai) after 3 days (Figure 9c). Witii O2 generation, L « VSum, higher than 
with alginate (Figure 9d). It is possible that cross-linked alginate poses a restriction on 
cell growth. 

In all of these experiments, the thickness of the cell 14 layer (and thus the growth 
rate of tiie cells 14), and their viability was highest in the stirred experiments with O2 
generation and lowest m the unstirred static controls (in which oxygen transport was most 
limited). These results verify the hypothesis that oxygen tiansport limitations can limit 
the growth and viability of cells 14 in immunobarrier devices. Furthermore, they 
demonstrate that in situ oxygen generation leading to an imposed oxygen flux into the 
tissue compartment can have a beneficial effect on cell 14 growth and viability. 

The theoretical model developed earlier was used to analyze ojqrgen transport in 
nine of the experiments. Estimated values of parameters used in the calculations are 
summarized in Tablel . Each experiment is designated by its figure number. Vmax was 
based upon the value of 1 .5 pmol/min- 1 0' cells 14 for a monolayer of pTC3 cells 14 and 
converted to a volume basis for cells witii d, = 12 jxm to yield 2.76 x 10"* mol/cm^-s. 
Permeability of tiie cells 14 was assumed to be tiie same as for islet tissue, 1.24 x 10 " 
mol/cm mm Hg s. The values of V and Da varied between experiments because of 
variation in tiie tissue volume fi:action 1-s. Table 1 also contains estimates of the 
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dependent variables L,, L„, Pje, Psm. and P„i„ which were calculated fiom Equations (10), 

(1 1), (6), (5), and (12), respectively. 

The experiments analyzed represent three groups: (1) those with high 

imposed oxygen flux (experiments 7a, 7d, and 7£), (2) those with low oxygen flux (9b 
and 9h), and (3) those without oxygen flux (7a, 7c, 9a, and 9g). In the first group, L, > L, 
and there is an efflux of unconsumed oxygen from the device, described by Equation (9). 
In the second group, < L, and there is an influx of oxygen into the cell encapsulating 
chamber 10 from both sides, hence, a minimum in the P profile develops. In the third 
group, oxygen is supplied only from the medium, so the maximum value of P occurs at y 
= 0 andP^ occurs at z = 0. 

Although the bench-top current controller 40 used in our in vitro experiments is 
large becavise it provides displays and controls, we have also constructed a miniaturized 
controller 40 (6.5 x 3.5 x 5.4cm) that can be worn by a rat. Furthermore, microelectronic 
technology can be used to make a miniaturized implantable device with a size suitable for 
implantation. The current can be preset or controlled by telemetry. We have calculated 
that an oxygen generation rate sufficient to support a biohybrid artificial pancreas in a 
human could be powered by a an unplantable battery 199 with 3000 mAh capacity which 
would require recharging every four weeks. Recharging could be achieved with a 
transcutaneous energy transfer (TET) system of the type developed to power implantable 
devices such as artificial hearts, defibrillators, and electrical stimulators. The power 
transmission requirements for biohybrid artificial pancreas is many orders of magnitude 
smaller than the capacity of currently available TET systems. 

EXAMPLE 2 

Islets isolated from Sprague-Dawley rats were used in another set of experiments. 
The loading density was 500 islets/cell encapsulating chamber 10. The current density, 
100 nA/cm\ which corresponds to a maximum predicted p02 of 300 mm Hg, was fixed 
at its initial value because islets do not proliferate. The result is shown in Figures 10a 
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and 10b. After 4 days of culturing, the tissue thickness in the control experiment was 
only half of the tissue thickness in the experiment using in situ oxygen generation. 

Although the examples above have been described in terms of transplantation of 
islets of Langeihans, it is generally applicable to implantation of any type of cells 14 or 
tissues for therapeutic application. The invention concems a novel approach to improve 
growtti and maintenance of cells 14 and to oxygenating cell 14-compatible fluids. 

Having thus described certain embodiments of the present invention, various 
alterations, modifications, and improvements will be obvious to tiiose skilled in tiie art. 
Such variations, modifications and improvements are intended to be within the spirit and 
scope of tiie invention. The materials employed, as well as their shapes and dimensions, 
generally can vary. Accordingly, the foregoing description is by way of example only 
and is not intended to be limiting. 

What is claimed is: 



34 



